SUMMARY. The mechanism of irreversible damage to ischemic myocardium was investigated in the perfused rat heart. The time of transition from reversible to irreversible damage to contractile function was accelerated by accumulation of glycolytic products and increases in extracellular calcium. Both of these effects were largely independent of adenine nucleotide levels in the tissue. With zero coronary flow and 1.25 nut calcium the decrease in ability of the heart to recover ventricular function with reperfusion after 30 minutes of ischemia was directly correlated with accumulation of glycolytic products (as estimated by tissue lactate) during ischemia. The extent of lactate accumulation during ischemia was varied by preperfusing the hearts for 0, 10, or 15 minutes under anoxic, high coronary flow conditions to deplete tissue glycogen prior to ischemia, and by adding lactate back to the perfusate of these hearts during the ischemic period. Recovery of ventricular function was inversely related to tissue lactate during ischemia and varied from 28 to 92%, even though there was little or no change in tissue levels of residual adenosine triphosphate. Increasing extracellular calcium accelerated the time of onset of irreversible damage with little or no change in residual adenosine triphosphate levels. At any given calcium concentration, the time-dependent declines in the ability of the heart to recover ventricular function was also largely independent of adenosine triphosphate levels. These studies suggest a major role of anaerobic glycolytic products (lactate, hydrogen ion, or NADH) in ischemic damage to the heart that is unrelated to loss of tissue adenine nucleotides. With zero or low flow ischemia, this effect may result in irreversible damage to the myocardium before adenine nucleotides are reduced to critically low levels. (Circ Res 55: 816-824, 1984) 
Role of Glycolytic Products in Damage to Ischemic Myocardium
SUMMARY. The mechanism of irreversible damage to ischemic myocardium was investigated in the perfused rat heart. The time of transition from reversible to irreversible damage to contractile function was accelerated by accumulation of glycolytic products and increases in extracellular calcium. Both of these effects were largely independent of adenine nucleotide levels in the tissue.
With zero coronary flow and 1.25 nut calcium the decrease in ability of the heart to recover ventricular function with reperfusion after 30 minutes of ischemia was directly correlated with accumulation of glycolytic products (as estimated by tissue lactate) during ischemia. The extent of lactate accumulation during ischemia was varied by preperfusing the hearts for 0, 10, or 15 minutes under anoxic, high coronary flow conditions to deplete tissue glycogen prior to ischemia, and by adding lactate back to the perfusate of these hearts during the ischemic period. Recovery of ventricular function was inversely related to tissue lactate during ischemia and varied from 28 to 92%, even though there was little or no change in tissue levels of residual adenosine triphosphate. Increasing extracellular calcium accelerated the time of onset of irreversible damage with little or no change in residual adenosine triphosphate levels. At any given calcium concentration, the time-dependent declines in the ability of the heart to recover ventricular function was also largely independent of adenosine triphosphate levels. These studies suggest a major role of anaerobic glycolytic products (lactate, hydrogen ion, or NADH) in ischemic damage to the heart that is unrelated to loss of tissue adenine nucleotides. With zero or low flow ischemia, this effect may result in irreversible damage to the myocardium before adenine nucleotides are reduced to critically low levels. (Circ Res 55: 816-824, 1984) THE ischemic myocardium progresses from a reversible to an irreversible state of damage within several minutes to one or more hours, depending on the severity and conditions of the ischemic insult. The mechanisms responsible for this transition are not known with certainty. It is widely accepted that loss of adenine nucleotides and failure to restore adenosine triphosphate (ATP) levels with reperfusion is a critical factor in the onset of irreversibility (Kiibler and Spieckermann, 1970; Gudbjarnason et al., 1970; Vary et al., 1970; Jennings et al., 1977; Reibel and Rovetto, 1978; Watts et al., 1980) . However, many other factors have also been implicated, such as overloading the cells with Ca ++ (Shen and Jennings, 1972; Nayler, 1981) , accumulation of metabolic products Katz and Messineo, 1981; Neely and Feuvray, 1981) and structural damage to membranes caused secondarily either by low ATP and cell swelling (Jennings et al., 1977; Jennings and Reimer, 1981) or accumulation of metabolic products with subsequent activation or inhibition of key enzymes (Katz and Messineo, 1981; Neely and Feuvray, 1981) .
Although both loss of adenine nucleotides and accumulation of metabolic products may directly and indirectly result in cellular damage, the relative importance of and rate at which damage occurs from these two processes is not known. The present study provides data which disassociates irreversible damage from residual adenine nucleotide levels. Data are presented which implicates glycogenolysis and high tissue lactate (or associated metabolite changes) as important contributing factors to the damage process. Tissue levels of lactate during ischemia were altered by preperfusing the hearts under anoxic conditions to deplete tissue glycogen prior to ischemia and by adding lactate to the perfusate of glycogen-depleted hearts during exposure to ischemia. Ischemic coronary flows of zero or 1 ml/ min were also used to study the effect of washout of metabolic products. Recovery of ventricular function with reperfusion was negatively correlated with tissue levels of lactate during ischemia. Functional recovery was poorly correlated with residual levels of ATP during reperfusion.
Methods
Isolated perfused hearts from 250-to 350-g male, Sprague-Dawley rats, were used. Hearts were perfused by the Langendorff procedure as described earlier (Neely et al., 1967) , except that ventricular pressure was monitored by placing a plastic catheter with a small perforated ball tip into the left ventricle via the mitral valve. The catheter was filled with perfusate and connected to a Statham pressure transducer. The perfusate was Krebs-Henseleit bicarbonate buffer containing 11 mM glucose and the free Ca ++ concentration shown in the tables and figures. The hearts received a 10-minute washout perfusion with oxygenated buffer at 60 mm Hg aortic perfusion pressure. The hearts then were switched to a perfusion with buffer gassed with a 95:5 mixture of either O 2 :CO 2 or N 2 :CO 2 for 10-15 minutes before inducing global ischemia by cross-clamping the aortic perfusion tube and reducing coronary flow to zero or reducing coronary flow to 1 ml/ min with a constant flow rotary pump connected to the aortic cannula. These ischemic hearts were maintained at 37°C for various times. The hearts then were reperfused at a constant aortic pressure of 60 mm Hg with oxygenated buffer, and recovery of ventricular function was followed for 30 minutes.
For tissue analysis of metabolites, hearts were frozen with Wollenberger clamps cooled in liquid nitrogen. Groups of hearts were frozen after the 10-or 15-minute preperfusion just prior to inducing ischemia. Other groups were frozen at the end of the ischemic period and after the 30 minutes of reperfusion. Tissue levels of ATP, adenosine diphosphate (ADP), adenosine monophosphate (AMP), creatine phosphate (CP), glycogen, and lactate were determined using neutralized perchloric acid extracts as described earlier by standard enzymatic procedures (Bergmeyer, 1963) . Ventricular function was assessed by measuring developed pressure (i.e., the difference between systolic and diastolic pressures) and heart rate. The percent recovery of ventricular function was calculated as the product of developed pressure and heart rate after 30 minutes of reperfusion divided by the same product measured before starting the experimental perfusion. In some groups of hearts, various concentrations of Na + lactate were added to the recirculating perfusate during the anoxic and ischemic perfusions.
Results
The characteristic response of tissue adenine nucleotides during zero coronary flow, whole heart ischemia is shown in Table 1 . Tissue ATP decreased rapidly during the first 25 minutes of ischemia, but declined only from 6 to 3.4 /imol/g dry weight between 25 and 45 minutes. With reperfusion after each of the ischemic periods, ATP levels increased slightly. This restoration of ATP was greater when reperfusion was started after short periods of ischemia, with little recovery occurring after from 35 to 80 minutes of ischemia. The small recovery of ATP was due to rephosphorylation of ADP and AMP, and the difference between levels of ATP in Hearts were perfused with oxygenated buffer containing glucose (11 mM) and 2.5 mM Ca ++ for 10 minutes prior to inducing ischemia. The aortic perfusion tube was then clamped and the hearts maintained at 37°C with zero coronary flow for the ischemic times shown. A group of four to six hearts was frozen after each of the ischemic periods. Another group of six to ten hearts were reperfused at 60 mm Hg perfusion pressure for 30 minutes after each of the ischemic periods and then frozen. The data are means ± SE. control and reperfused hearts reflects loss of total adenine nucleotides. It is interesting that, during the first 20 minutes of ischemia, ADP was high, but its concentration decreased with continued exposure to ischemia. On the other hand, the concentration of AMP continued to increase up to 25 minutes of ischemia and then stayed at these very high levels for at least 45 minutes. With reperfusion, ADP levels returned to near normal at all time periods, whereas levels of AMP returned to normal after 20 minutes of ischemia, but remained higher than normal with reperfusion after longer periods of ischemia. Loss of total adenine nucleotide was associated with high levels of AMP both during ischemia and with reperfusion. In this model of zero flow ischemia, reperfusion caused an additional loss of adenine nucleotides, and the magnitude of the loss increased between 20 and 25 minutes, in association with the large increase in AMP. Thus, with reperfusion after 20 minutes, most of the ADP and AMP was converted back to ATP with little additional loss of total nucleotides. After 25 minutes of ischemia, however, only 3.5 /*mol were rephosphorylated to ATP, and 5.2 /imol were lost from the cells with reperfusion. With longer exposure to ischemia, about the same amount of nucleotides was lost with reperfusion, and most of this loss came from the AMP present at the end of ischemia and was associated with continued high levels of AMP during reperfusion.
These changes in ATP are shown graphically in Figure 1 . In addition, the changes in tissue levels of CP during ischemia and with reperfusion are shown, along with recovery of ventricular function. Levels of CP declined rapidly during ischemia with little additional loss after 20 minutes. With reperfusion, CP levels returned to above normal after 20 minutes of ischemia, but did not fully recover after longer periods. Likewise, ventricular pressures recovered to about normal with reperfusion after 20 minutes of ischemia, but recovery declined progressively after longer periods of ischemia. Decreased function was reflected in both a large rise in diastolic and a large decrease in systolic pressures. Recovery of developed pressure was essentially zero after periods of 35-60 minutes of ischemia. Although heart rate was decreased by 20-30% during reperfusion (data not shown), the major effect on function was decreased developed pressure, as shown in Figure 1 . The relation between recovery of developed ventricular pressure and residual ATP at the end of the 30-minute reperfusion (Fig. 1) shows a fairly good correlation at ATP levels below 10 /*mol/g dry. These data are very comparable to those reported earlier by others (Reibel and Rovetto, 1979) and suggest that the tissue becomes progressively more damaged with continued exposure to ischemia in association with loss of total adenine nucleotides. The hearts used for the data shown in Table 1 and Figure 1 were perfused with buffer containing 2.5 mM free Ca ++ . Since this is higher than the physiological Ca ++ concentration, and Ca ++ overloading is known to cause damage to ischemic myocardium, the effects of Ca ++ concentration on adenine nucleotides and recovery of ventricular function were determined.
To determine the effect of Ca ++ concentration on the time course of ischemic damage and the relation between recovery of function and residual ATP levels with reperfusion, we perfused the hearts with various concentrations of Ca ++ at a constant coro- 79 ± 10 54 ± 5 35 ± 7 13 ± 6 7 ± 2.6
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Hearts were perfused for 10 minutes under control conditions with a coronary flow of 12 ml/min and a perfusate containing glucose (11 mM), pyruvate (5 mM), and 2.5 miu Ca ++ . They were then switched to a constant flow perfusion at 1 ml/min coronary flow with perfusate gassed with 95:5, N 2 :CO 2 and containing 11 mM glucose and the free Ca ++ concentration shown in this table. This low flow perfusion was continued for the times shown in the table. The hearts were then reperfused for 30 minutes with oxygenated perfusate containing glucose (11 mM), pyruvate (5 mM), and 2.5 mM Ca ++ at coronary flows of about 12 ml/min before freezing for measurement of metabolite levels. Because decreased ventricular function involved both a decrease in developed pressure and heart rate, function was calculated as the product of developed pressure and heart rate after 30 minutes of reperfusion and is expressed as the percent of the preischemic function for each heart. The data are means ± SE for four to six hearts in each group. nary flow of 1 ml/min to ensure exposure of the heart to constant levels of extracellular Ca ++ during ischemia. However, to make the oxygen supply comparable to the zero flow hearts shown in Figure  1 , the perfusate was gassed with N 2 :CC>2 (95:5) during the ischemic perfusions. The data from these experiments show several things (Table 2) . First at any level of perfusate Ca ++ , recovery of function with reperfusion declined with duration of exposure to low flow anoxic conditions. As expected, increasing the Ca ++ concentration accelerated the onset of ventricular failure. For example, at Ca ++ concentrations of 0.75 and 1.25 mM, essentially 100% recovery of function was obtained with reperfusion after 60 minutes, whereas only 74 and 13% of function was recovered with reperfusion after 60 minutes of ischemia with 1.75 and 2.5 mM Ca ++ , respectively. At a physiological Ca ++ of 1.25 mM, 88% of function was recovered after 75 minutes compared to only 7% at the same time in heart receiving 2.5 rr\M Ca ++ . The second major observation from these data is that, although residual ATP declined with time of exposure to ischemia and with increased Ca ++ concentration, the differences in ATP concentrations were small, even though the ability of the hearts to recover function varied widely. The largest decrease in ATP with ischemic perfusion time occurred at 2.5 mM Ca ++ . Under this condition of high Ca ++ , a fairly good correlation existed between residual ATP and recovery of function similar to that obtained in Figure 1 with zero coronary flow. Overall, however, there was a very poor correlation between recovery of ventricular function and residual ATP (Fig. 2) . Essentially full recovery was obtained with ATP levels between 7 and 10 /umol/g dry and recovery of function decreased from 80% to 7% over a narrow range of ATP from 6 to 4 fimol/g dry. These data suggest that cellular damage caused by overloading the cells with extracellular Ca ++ was not due to a proportionally greater depletion of adenine nucleotides except perhaps under extreme conditions of high Ca ++ . Also, the time-related deterioration observed at any Ca ++ concentration occurred over a very narrow range of residual ATP levels. Even at 2.5 mM Ca ++ , recovery of function decreased from 54% after 30 minutes to 13% after 60 minutes when ATP decreased only from 6.1 to 4.6 /tmol/g dry. Thus, the ability to recover mechanical function was poorly related to residual ATP in this model of ischemia. In fact, one could just as easily correlate the decline in functional recovery with loss of tissue total creatine (Fig. 2) or failure to recover creatine phosphate (Table 2) . These data strongly suggest that a more general type of cellular damage occurred that is independent of the loss of adenine nucleotides.
A major difference between the experiments of Figure 1 and those of Table 2 was the maintenance of low coronary flow for the hearts shown in Table   I 2. Thus, with low flow, the ability to recover ventricular function was maintained for a longer exposure to ischemia and occurred at much lower levels of ATP (Fig. 2 ) than with zero coronary flow (Fig.  1) . These observations suggested a role of coronary flow and accumulated metabolic products in the onset of tissue damage that is independent of O 2 supply and ATP levels. A major metabolic product that accumulates during ischemia is lactate, and associated with this, H + and NADH. Therefore, it was of interest to determine the role of glycolytic products in cellular damage during ischemia. Since the lactate that accumulates during zero flow ischemia is derived largely from glycogenolysis, groups of hearts were exposed to an anoxic preperfusion with high coronary flow to deplete glycogen levels and wash out the lactate produced prior to exposure to zero flow ischemia (Table 3 ). In those hearts receiving a 10-minute oxygenated perfusion prior to ischemia, levels of ATP, CP, and glycogen were high and lactate was low at the beginning of the 30-minute ischemic period. At the end of ischemia, levels of ATP, CP and glycogen were low, and lactate had increased 42-fold. After 30 minutes of reperfusion, ATP and CP levels were partially restored, glycogen remained low, and lactate, although greatly reduced from the ischemic level, remained higher than the preCirculation Research/Vo/. 55, No. 6, December 1984 ischemic level. Functional recovery in these hearts was only 28% of the preischemic level. This is a much lower level of recovery than observed in the hearts shown in Table 2 that were exposed to 1.25 rrtM Ca ++ , but where coronary flow was 1 ml/min (100% recovery after 60 minutes), again emphasizing the role of washout of metabolic products.
In hearts exposed to 10 minutes of anoxic preperfusion, ATP was reduced by about 50% and CP was almost depleted prior to ischemia (Table 3) . Glycogen levels were decreased from 120 to 20 ^mol glucose/g dry by the anoxic preperfusion. However, conversion of this 100 /*mol of glycogen glucose to lactate resulted in only 20 jtmol lactate accumulating in the tissue because high coronary flow was available during anoxia to wash out the lactate. When these hearts were subsequently exposed to 30 minutes of zero flow ischemia, ATP and CP levels declined to amost nondetectable levels, much more than in the oxygenated hearts, and glycogen and lactate levels were much lower at the end of ischemia. With reperfusion, these hearts restored ATP to about the same level as the oxygenated hearts, CP was higher, and glycogen remained low. Lactate decreased more than in the oxygenated hearts, and recovery of ventricular function was increased to 68%.
When the period of anoxic preperfusion was ex- The perfusate contained glucose (11 nw) and 1.25 mM Ca ++ in each case, and all hearts were perfused under oxygenated conditions for 10 minutes before the experimental perfusions were begun. The ischemic period was 30 minutes of zero coronary flow and reperfusion was for 30 minutes with oxygenated buffer containing glucose (11 mM) and 1.25 mM Ca ++ in each case. The preischemic treatment was either 10 minutes of oxygenated perfusion, 10 or 15 minutes of anoxic perfusion or 10 minutes anoxic perfusion followed by 10 minutes of oxygenated perfusion. Coronary flows were about 13 ml/min in each case during the preischemic perfusion. Groups of hearts were frozen after the preischemic perfusion, after 30 minutes of ischemia, and after 30 minutes of reperfusion for analysis of tissue metabolites. Recovery of ventricular function was determined as the product of developed ventricular pressure and heart rate and is expressed as the percent of the pretreatment function. The data are means ± SE for the number of hearts shown in parentheses. Gly = glycogen. Lac = lactate. Table 2 for oxygenated and 10-or 15-minute anoxic preperfused hearts, and in panels C and D, the data are from Table 4 with lactate added to the anoxic and ischemic perfusate.
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tended to 15 minutes, the level of glycogen was lower at the beginning of ischemia, and correspondingly less lactate was accumulated during ischemia. Recovery of function with reperfusion was further improved to 92%. This very large improvement in ventricular function occurred in spite of much lower levels of ATP and CP at the beginning of reperfusion in the anoxic preperfused than in the oxygenated preperfused hearts. There was no correlation between recovery of function and residual ATP levels during reperfusion (Fig. 3, panel B) , but a good negative correlation was observed between tissue levels of lactate during ischemia and recovery of function with reperfusion (Fig. 3, panel A) .
It is possible that hydrolysis of the large stores of ATP and CP present in oxygenated hearts at the time ischemia is introduced might contribute to cellular damage by production of H + . Also, the high content of tissue oxygen at the beginning of ischemia might contribute to free radical production and accelerate ischemic damage. Neither of these possibilities seemed to be important factors in the accelerated damage that occurred to hearts oxygenated prior to ischemia. When hearts were perfused under anoxic conditions for 10 minutes and then reoxygenation for 10 minutes prior to ischemia, the tissue levels of ATP and CP were fully restored during the 10 minutes of reoxygenation but glycogen levels remained low (Table 3) . When these anoxic-reoxygenated hearts were subsequently exposed to ischemia, levels of ATP, CP, and glycogen were depleted much the same as in the anoxic preperfused hearts that had not been reoxygenated. However, lactate production from glycogenolysis remained lower than in the oxygenated hearts, and functional recovery with reperfusion was much better. Thus, reoxygenation between the anoxic and ischemic perfusions restored tissue ATP and CP, but glycogen remained low and the protective effect of anoxic preperfusion on recovery of function was still observed.
Since low glycogen at the beginning of ischemia and less lactate accumulation during ischemia appeared to be the only metabolic event that correlated with improved recovery of function during reperfusion, the effect of adding Na + lactate to the perfusate during the anoxic preperfusion and ischemic period was determined (Table 4) . Lactate was not added to the perfusate during reperfusion. Addition of lactate at 0, 10, 20, 30, and 40 mM had no effect on the level of ATP and CP either at the end of ischemia or with reperfusion. Likewise, glycogen levels were similarly low at the end of ischemia and reperfusion in all groups. However, the recovery of 
20 (6) (6) 30 (6) (6) 40 (6) The perfusate contained 11 mM glucose and 1.25 mM Ca ++ throughout, and all hearts received a 10-minute oxygenated initial perfusion. They were then switched to 10 minutes of anoxic perfusion (coronary flows of 13 ml/min) with perfusate containing the lactate concentration shown prior to exposure to 30 minutes of zero coronary flow ischemia followed by 30 minutes of oxygenated reperfusion. When Na + lactate was added, perfusate NaCl was reduced to compensate for the additional ions. Groups of hearts were frozen after the ischemic and reperfusion periods for analysis of tissue metabolites. Recovery of ventricular function was determined as the product of developed pressure and heart rate and is expressed as the percent of the pre-anoxic function for each group. The data are means ± SE for the number of hearts shown in parentheses. Gly = glycogen, Lac = lactate. ventricular function with reperfusion was inversely related to tissue lactate during ischemia. A good negative correlation between added lactate and recovery of function was obtained (Fig. 3, panel C) with no correlation existing between residual ATP and functional recovery (Fig. 3, panel D) . Thus, these data provide more direct evidence that high levels of lactate during ischemia are associated with accelerated cellular damage independent of ATP levels.
To determine whether this effect of lactate occurred during the ischemic period or with continued high levels of lactate during reperfusion, groups of hearts were made ischemic with oxygenated buffer to allow lactate levels to increase, and then the rates of lactate washout during reperfusion were determined. Tissue levels of lactate were 171 ± 5.7, 124 ± 11, 78 ± 9, 25 ± 3.8, 21 ± 1.5, and 15 ± 4 ^mol/ g after 0, 0.5, 1.0, 2.0, 5.0, and 30 minutes of reperfusion, respectively. Thus, 85% of the very high levels of lactate at the end of ischemia was washed out of the tissue within 2 minutes of reperfusion. However, the level of lactate still remained higher than normal after 30 minutes of reperfusion (15 ± 4 compared to control levels of 2.3 ± .6 ^mol/ g). Thus, the major effect of lactate probably occurred by exposure of the tissue to high levels during ischemia. This conclusion is supported by the observation that addition of lactate to the perfusate during reperfusion of ischemic hearts did not influence function. Recovery of function in hearts preperfused under anoxic conditions prior to ischemia was 68 ± 6% without lactate and 65 ± 7% when 30 mM lactate was added only during the reperfusion period.
Discussion
During the transition of ischemic myocardium from viable to necrotic tissue, every biochemical and mechanical function of the heart will probably be affected. However, before the cells become necrotic, they pass through a transition phase from reversible to irreversible damage. The time at which this transition occurs depends very much on the ischemic model being used and on the cellular process being investigated that becomes irreversibly damaged. In the present study, recovery of mechanical function was used as an estimate of cellular damage. Although this is a gross and indirect assessment of cell viability, it nonetheless reflects damage to the contractile function of the cells. Irrespective of the cellular process being investigated, two primary factors result in the time-dependent development of irreversible damage. These are loss of or decreased oxidative production of ATP and accumulation of metabolic products that cannot be oxidized to CO2 and H 2 O or removed from the tissue by washout of the vascular space.
Both of these events may result in a very heterogeneous cascade of metabolic and structural alterations that collectively cause irreversible damage. The decrease in oxidative metabolism, for example, not only lowers production of and levels of high energy phosphates, but results in net loss of total adenine nucleotides. In the present study, this loss of total nucleotides was associated with accumulation of high levels of AMP. Accumulation of other metabolic products may cause damage through a variety of mechanisms associated with their inhibition of certain enzymes and perhaps activation of others (Katz and Messineo, 1981; Neely and Feuvray, 1981) . It seems clear that decreased oxidative production of ATP and the associated loss of adenine nucleotides, if allowed to progress until adenine nucleotides are critically low, can in itself result in irreversibility. Certainly, when no adenine nucleotides are available for phosphorylation to ATP, the cells are probably irreversibly damaged. Even when ATP levels are not totally depleted, a good negative correlation between residual ATP and cellular function has been reported for several models of ischemia (Gudbjarnason et al., 1970; Jennings et al., 1977; Reibel and Rovetto, 1978; Vary et al., 1979; Watts et al., 1980) and confirmed in the present study for hearts perfused with 2.5 mM Ca in which high levels of lactate accumulated. However, a cause-and-effect relationship between low adenine nucleotides and irreversible cellular damage has not been clearly established. One reason for this is that it has not been possible to restore ATP levels rapidly, and to determine whether restoration of ATP results in reversal of cellular damage (Reibel and Rovetto, 1979; Reimer et al., 1981) .
The role of metabolic products in development of ischemic damage has been appreciated for several years. In 1935, Tennant and Wiggers (1935) demonstrated that a reduction in coronary flow had a more profound effect on myocardial contractility than did hypoxia. The early decrease in contractile force of ischemic hearts was associated with increased tissue lactate and H + (Cobbe and Poole-Wilson, 1980; Jacobus et al., 1982) with little change in tissue ATP (Katz, 1969; Gudbjarnason et al., 1970; Neely et al., 1973; Hearse, 1979) . The onset of irreversible damage was also related to the continued presence of high lactate levels . Increased lactate and the associated rise in cytosolic NADH was shown to inhibit glycolysis and reduce anaerobic ATP production (Rovetto et al., , 1975 . Incubation of thin slices of dog myocardium with 50 mM lactate resulted in mitochondrial changes after 10 minutes that were similar to those found after 1 hour in ischemic myocardium (Armiger et al., 1974) . Thus, high tissue lactate has been implicated as a factor directly or indirectly causing cellular damage during ischemia.
It seems clear from the data presented in the present study that inability of the heart to recover mechanical function was not due solely to the loss of adenine nucleotides and, consequently, to low levels of residual ATP during reperfusion. Recovery of function varied from 28 to 100% of the preischemic function with little or no change in adenine 823 nucleotides. The two most important factors determining the ability of the hearts to recover ventricular function were the levels of extracellular Ca ++ and accumulation of tissue lactate during ischemia. In the first 75 minutes of low flow anoxia, Ca ++ concentrations ranging from 0.75 to 1.75 mM had little effect on the ability of the heart to recover function, but with longer exposure to ischemia or at higher Ca ++ , the effects of Ca ++ were apparent. With 0.75 mM Ca ++ present during ischemia, 77% of the preischemic function was recovered after 120 minutes of ischemia, even though ATP was only 28% of normal. At physiological Ca ++ , recovery of function after 120 minutes was reduced to 47% with little additional decrease in ATP. In contrast, when the Ca ++ concentration was increased to 2.5 mM, only 35% of preischemic function was recovered after 45 minutes of ischemia, and residual ATP was still 28% of normal. Thus, the effects of Ca on ischemic damage were largely independent of residual ATP levels during reperfusion.
At physiological concentration of free Ca ++ (1.25 mM), the ability to recover function was greatly dependent on the amount of glycolytic products present in the tissue during ischemia. Thus, when hearts were preperfused for 0, 10, or 15 minutes under high coronary flow anoxic conditions to deplete the tissue of glycogen prior to ischemia, recovery of function increased from 28 to 68 and 92%, respectively, even though residual ATP during reperfusion ranged only between 7.2 and 9.2 jtmol/g dry. This improved recovery of function was associated with less tissue glycogen at the beginning of ischemia and less accumulation of lactate during ischemia. Addition of lactate to the perfusate prior to ischemia in the anoxic preperfused hearts reversed the beneficial effects of glycogen depletion and lowering tissue lactate. In this case, recovery of function was negatively correlated with the concentration of lactate added to the perfusate and decreased from 68 to 16% of preischemic function with addition of 0 and 40 mM lactate. This change in function occurred even though residual ATP during reperfusion varied only from 8.5 to 7.4 jtmol/g dry and CP levels varied only from 30 to 27 /*mol/ g dry. Thus, the reverse effects of reduced lactate during ischemia and rapid restoration of high lactate during ischemia suggest a critical role of this glycolytic product in ischemic damage.
The mechanism of these beneficial effects of glycogen depletion or the harmful effects of lactate accumulation are not known. The effects do appear to depend on the exposure of the heart to high lactate levels during ischemia and not during reperfusion. However, there was a continued higher than normal level of lactate during reperfusion in those hearts that recovered function poorly. This continued higher lactate level may simply be associated with, rather than the cause of, poorer functional recovery. The tissue damage associated with high tissue levels of lactate during ischemia may be me-diated by changes in cellular pH both when lactate is produced from endogeneous glycogen or when added to the perfusate. Transport of weak acids such as lactic into the cell probably occurs as the protonated acid which dissociates in the intracellular space releasing H + . Thus the addition of extracellular lactate causes an increased concentration gradient of lactate from extra-to intracellular spaces which could result in an inward H + pump. The protective effect of decreased glycolysis during ischemia is contrary to the conclusions of previous publications (Hearse and Chain, 1972; Bricknell et al., 1981) . These studies reported a special protective role of glycolysis in ischemia. There may be a beneficial role of glycolytic ATP under special conditions, such as the high flow anoxia used by Hearse and Chain (1972) , where lactate accumulation would be low, and in the K + -arrested hearts with maintained coronary flow as studied by Bricknell et al. (1981) . Nonetheless, in the beating heart with very low or zero coronary flow as used in the present study, and with coronary flows that might be expected to pertain clinically, accumulation of lactate and/or other products of glycolysis can be expected to accelerate tissue damage.
A reduction of glycolysis and maintenance of low tissue lactate may be just as important in the protection of the heart by hypothermic cardioplegia as is the preservation of adenine nucleotides. At the end of 20 minutes of hypothermic (10°C) ischemia, tissue glycogen was still high (90% of normal) and lactate was low (about 2 times normal) compared to that present after 20 minutes of normothermic ischemia, glycogen (10% of normal) and lactate (13 times normal) (Ichihara et al., 1981) .
